Despite the key importance of altered oceanic mantle as a repository and carrier of light elements (B, Li, and Be) to depth, its inventory of these elements has hardly been explored and quantified. In order to constrain the systematics and budget of these elements we have studied samples of highly serpentinized (>50%) spinel harzburgite drilled at the Mid-Atlantic Ridge (FifteenTwenty Fracture zone, ODP Leg 209, Sites 1272A and 1274A). In-situ analysis by secondary ion mass spectrometry reveals that the B, Li and Be contents of mantle minerals (olivine, orthopyroxene, and clinopyroxene) remain unchanged during serpentinization. B and Li abundances largely correspond to those of unaltered mantle minerals whereas Be is close to the detection limit. The Li contents of clinopyroxene are slightly higher (0.44-2.8 lg g À1 ) compared to unaltered mantle clinopyroxene, and olivine and clinopyroxene show an inverse Li partitioning compared to literature data. These findings along with textural observations and major element composition obtained from microprobe analysis suggest reaction of the peridotites with a mafic silicate melt before serpentinization. Serpentine minerals are enriched in B (most values between 10 and 100 lg g À1 ), depleted in Li (most values below 1 lg g À1 ) compared to the primary phases, with considerable variation within and between samples. Be is at the detection limit. Analysis of whole rock samples by prompt gamma activation shows that serpentinization tends to increase B (10.4-65.0 lg g À1 ), H 2 O and Cl contents and to lower Li contents (0.07-3.37 lg g À1 ) of peridotites, implying that-contrary to alteration of oceanic crust-B is fractionated from Li and that the B and Li inventory should depend essentially on rock-water ratios. Based on our results and on literature data, we calculate the inventory of B and Li contained in the oceanic lithosphere, and its partitioning between crust and mantle as a function of plate characteristics. We model four cases, an ODP Leg 209-type lithosphere with almost no igneous crust, and a Semail-type lithosphere with a thick igneous crust, both at 1 and 75 Ma, respectively. The results show that the Li contents of the oceanic lithosphere are highly variable (17-307 kg in a column of 1 m Â 1 m Â thickness of the lithosphere (kg/col)). They are controlled by the primary mantle phases and by altered crust, whereas the B contents (25-904 kg/col) depend entirely on serpentinization. In all cases, large quantities of B reside in the uppermost part of the plate and could hence be easily liberated during slab dehydration. The most prominent input of Li into subduction zones is to be expected from Semail-type lithosphere because most of the Li is stored at shallow levels in the plate. Subducting an ODP Leg 209-type lithosphere would mean only very little Li contribution from the slab. Serpentinized mantle thus plays an important role in B recycling in subduction zones, but it is of lesser importance for Li.
INTRODUCTION
At mid-ocean ridges, plates spread and new oceanic lithosphere is produced. At slow spreading-ridges, the magmatic section is often reduced and the oceanic mantle is exhumed at the ocean floor (e.g. Cannat, 1993; Michael et al., 2003; Escartin et al., 2003) . The two currently debated models to explain mantle exhumation in slow-spreading environments invoke either spreading, and focused magmatism at the center of a ridge segment (Cannat, 1993; Ghose et al., 1996 and Dijkstra et al., 2001) or detachment faulting (Tucholke et al., 1998; Escartin et al., 2003; Boschi et al., 2006; Ildefonse et al., 2007) . In both cases, hydrothermal fluids transform olivine, orthopyroxene and clinopyroxene into serpentine, chlorite, tremolite, brucite or magnetite (e.g. Bach et al., 2004) , depending on temperature and pressure conditions (e.g. Ulmer and Trommsdorff, 1995) .
In the last years, the systematics of the light elements Li, B, and Be have been used to chemically trace low-temperature alteration processes in different geological environments (e.g. James and Palmer, 2000; Chan et al., 2002; Pistiner and Henderson, 2003; Rudnick et al., 2004; Kisakü rek et al., 2004) . Studies on fresh mid-ocean ridge basalts (MORB; Ryan and Langmuir, 1987; Ryan and Langmuir, 1993) and on altered MORB (e.g. Thompson and Melson, 1970; Bouman et al., 2004; Elliott et al., 2006) showed that during alteration Li and B may be enriched by a factor of 2 and 30, respectively.
A similar reasoning can be applied to the underlying mantle lithosphere. Estimates of the light element content of the primitive mantle (McDonough and Sun, 1995; Lyubetskaya and Korenaga, 2007) and of the depleted mantle (Salters and Stracke, 2004) imply very low light element abundances in whole rock samples and major mantle phases (around 1 lg g À1 for Li and B) . These whole rock data are consistent with C1 chondrite concentrations (Anders and Grevesse, 1989; Lyubetskaya and Korenaga, 2007) . In contrast, elevated Li (up to 13.7 lg g À1 , Decitre et al., 2002; Niu, 2004) and high B whole rock contents (up to 85 lg g À1 , Bonatti et al., 1984; Spivack and Edmond, 1987) were found in dredged abyssal peridotites. High Li (<19.5 lg g À1 , Decitre et al., 2002) and B abundances ($47 lg g À1 , Scambelluri et al., 2004) were found in serpentine minerals.
In addition, high but variable whole rock B (0.4-79.0 lg g À1 ; Benton et al., 2001; Savov et al., 2005; Wei et al., 2005) and Li concentrations (0.5-18 .9 lg g À1 ; Parkinson and Pearce, 1998; Benton et al., 2004; Savov et al., 2005; Zanetti et al., 2006; Savov et al., 2007) were measured in serpentinized peridotites from forearc settings.
Beryllium (Be) data are scarce, and concentrations are extremely low in primitive mantle (0.054 lg g À1 or 0.068 lg g À1 ; McDonough and Sun, 1995; Lyubetskaya and Korenaga, 2007) and in depleted mantle (0.025 lg g À1 ; Salters and Stracke, 2004) , highly variable in dredged abyssal peridotites (0.001-0. 212 lg g
À1
, Niu, 2004) , and elevated in forearc peridotites (0.07-0. 16 lg g
, Zanetti et al., 2006) .
Experimentally determined mineral/melt and mineral/ fluid partition coefficients are in line with these observations and show that B, Li and Be are incompatible in mantle minerals (e.g. Brenan et al., 1998; Taura et al., 1998) . However, there are only a few experiments concerning the light element contents of hydrothermally precipitated minerals. Seyfried and Dibble (1980) performed seawater-peridotite experiments at 300°C and 500 bar. During the experiment, the B content in the solution (pH <5) remained constant, but during quenching the B content decreased from 4.01 to 1.75 lg g
. It was proposed that B is incorporated into serpentinized peridotite at low temperatures (<300°C). Bonatti et al. (1984) suggested that the maximum B uptake in peridotite is related to temperature and to the serpentine polymorph, and measured a maximum value of 110 lg g À1 B in serpentine minerals (orthochrysotile, clinochrysotile and lizardite). Reversing the alteration process by heating up altered basalt to 350°C at 500 bar showed that Li and B are incorporated in low-temperature alteration phases and are liberated into the fluid phase upon heating (Seyfried et al., 1998) .
The light element content of the oceanic mantle is important in the context of recycling of these elements in subduction zones. Previous studies have shown that the magmatic and sedimentary oceanic crust can be a major host for Li and B. Oceanic sediments are enriched in B (up to 100.2 lg g
, Leeman et al., 2004) and Li (up to 74 .3 lg g
, Bouman et al., 2004; Leeman et al., 2004) . Even after metamorphism at high pressure and moderate temperature ($400°C) in a subduction zone, they retain up to 66.7 lg g À1 Li, 2.32 lg g À1 Be, and 93.9 lg g À1 B (Marschall et al., 2006) . Altered oceanic basalt may contain up to 36.5 lg g À1 Li (Bouman et al., 2004) . Subducted oceanic crust, nowadays eclogites, was found to contain up to 37.4 lg g À1 Li (Zack et al., 2002; Marschall et al., 2006) , and up to 4.77 lg g À1 B (Marschall et al., 2006) . However, the crustal section of a subducting oceanic lithosphere is thin compared to the mantle part and magmatic crust can be largely absent in lithosphere produced at slow-spreading ridges. Therefore, serpentinized mantle should play a key role in light element recycling. Experiments on serpentinite breakdown (simulation of a subducting plate) by Tenthorey and Hermann (2004) suggest that serpentinized mantle should be the major sink of B in subduction zones. The extreme enrichment in B of the Mariana forearc mantle wedge supports this theory (Savov et al., 2007) .
In this study, we investigated serpentinized oceanic peridotite drilled from near the Mid-Atlantic Ridge (MAR, ODP Leg 209, Sites 1272A and 1274A) . We analyzed minerals and whole rock samples for major elements, Li, Be and B contents. Our aims were to identify the host minerals of the light elements, to understand light element systematics, to establish a mass balance and to discuss the calculations in the framework of light element recycling at subduction zones.
GEOLOGICAL SETTING
ODP Leg 209 was drilled at the MAR, north and south of the Fifteen-Twenty Fracture zone (Fig. 1 , Kelemen et al., 2004a; Paulick et al., 2006; Kelemen et al., 2007) . A full spreading rate of 25 mm/year was determined (Fujiwara et al., 2003) , corresponding to a slow-spreading ridge. The half-spreading rates (E and W) show little long-term asymmetry. This inspired Fujiwara et al. (2003) and later Escartin et al. (2003) to propose a model of shallow detachment faults to explain the geomorphologic and geologic situation around the Fifteen-Twenty Fracture zone. The major difference with respect to previously proposed models (amagmatic extension or melt-assisted extension; e.g. Tucholke et al., 1998; Dick et al., 2003) is the rooting of detachment faults in the shallow lithosphere, probably coinciding with the rheological boundary between the alteration (serpentinization) front and the unaltered litho- Lagabrielle et al., 1998) showing the location of ODP Sites 1272A and 1274A (stars; modified after Paulick et al., 2006) . The Logachev active hydrothermal field is also shown (triangle).
sphere. Mostly ultrabasic rocks crop out in this area, covered by a thin sediment layer (Kelemen et al., 2004a; Kelemen et al., 2007) . The mineralogical composition and evolution of the peridotites at the two drilling sites (1272A and 1274A) is considered to be different (Seyler et al., 2007; Godard et al., 2008) . Site 1272A has less abundant clinopyroxene than Site 1274A and seems to reflect partial melting and melt extraction, while Site 1274A records in addition pervasive melt-rock interaction (Seyler et al., 2007; Godard et al., 2008) .
35 miles south of the Fifteen-Twenty Fracture zone (44°58 0 N 14°45 0 W, Sudarikov and Roumiantsev, 2000) , the Logatchev hydrothermal field is located on the rift flank. It was discovered during several Russian expeditions in the 90s. It is situated within steeply faulted blocks of ultramafic rocks, which experienced variable degrees of serpentinization (Sharapov and Simonov, 1991) . Basalts and gabbros are commonly exposed around the vent sites (Escartin and Cannat, 1999; Kuhn et al., 2004; Schmidt et al., 2007) . Recent expeditions studied the hydrothermal fluids in more detail. The latter contain 1.75 lg g À1 Li and 3.63 lg g À1 B at a temperature of 353°C and a pH of 3.3 (Douville et al., 2002; Schmidt et al., 2007) .
SITE AND SAMPLE CHARACTERISTICS

Site 1272A
Site 1272A was drilled at a water depth of 2560 m at the ridge (Fig. 1) . The drilled material consists of $55 m diabase in the upper part, and 75 m of harzburgite containing rare dunite in the lower part ( Fig. 2 ; Kelemen et al., 2004a) . The major mineral phase in the mantle rocks is lizardite, and a downhole decrease in serpentinization can be observed (Kelemen et al., 2004a) . Modal mineralogy and petrographic features of the analyzed spinel harzburgites are summarized in Table 1 and Fig. 2 .
The studied samples were collected from the lower part of the drill core, at depths between 61.75 and 129.42 m.b.s.f. (meters below sea floor) and are serpentinized spinel harzburgites (Fig. 2) . Macroscopically, the samples have a dark green to whitish green color. Some white veins can be observed and a dark vein occurs in sample OD 11. In most samples, porphyroclastic orthopyroxene forms large (<1 cm) grains, which are surrounded by dark green serpentine. They are distributed irregularly in a homogeneous matrix of serpentine minerals.
The degree of serpentinization ranges from 70% to 99% and tends to decrease with increasing depth. Apart from serpentine minerals and orthopyroxene, the samples may contain variable proportions of olivine, clinopyroxene, spinel and magnetite (Table 1) . Olivine, pyroxenes and spinel are 'primary' minerals related to mantle processes, while serpentine and magnetite are of secondary origin, related to serpentinization. Olivine forms isolated, large fragments within serpentine (Fig. 3c) . Orthopyroxene grains may show exsolution lamellae of clinopyroxene (Fig. 3b) . Clinopyroxene occurs as interstitial phase at orthopyroxene grain boundaries (Fig. 3a) . Magnetite forms euhedral grains and symplectites with spinel (Fig. 3d) .
The terminology of Wicks and Whittaker (1977) is used to describe the serpentine textures of the studied samples. We observe pseudomorphic textures after olivine and orthopyroxene, vein textures, as well as non-pseudomorphic textures. Bastite after orthopyroxene (in the following termed bastite; Fig. 3a) is the most common type of pseudomorphic serpentine texture in the studies rocks. Often, pseudomorphs of clinopyroxene exsolution lamellae are preserved within bastite, as described by Viti et al. (2005) . Serpentine pseudomorphing olivine in mesh and hourglass textures (O'Hanley, 1996) is also abundant (Fig. 3c) . The inner parts of mesh rims are often reddish brown to black. In bastite, the reddish-brown colors are attributed to the presence of brucite (Wicks and Whittaker, 1977) . All samples display picrolite vein textures (lizardite according to Bach et al., 2004 ) and chrysotile asbestos cross-fiber veins (Fig. 3e, f) . While chrysotile veins crosscut bastites and are distributed randomly within the samples, lizardite picrolites are preferably found along mineral boundaries and natural weak zones (e.g. OD 28). Iowaite, as described by Bach et al. (2004) , and brucite could not be identified directly using SEM or EMP. We found some magnetite strings ( 
Site 1274A
The drill hole is located on the western flank of a seamount at a water depth of 3940 m, in a weathered area north of the Fifteen-Twenty fracture zone (Fig. 1) . Beneath 2 m of sediment, a total of 155.8 m of mantle rocks was drilled (Fig. 2) . The site was divided into 3 units (Kelemen et al., 2004a) . Unit I (top) and III (bottom) are serpentinized harzburgites, whereas unit II (middle) is interpreted as a 50-m fault gouge (mostly peridotite clasts within a mud matrix, all brecciated; Kelemen et al., 2004a) .
The studied samples are from unit I, except OD 52 (unit III). They are all serpentinized spinel harzburgites. In unit I, serpentinization increases from the top to the base (Table 1) . Macroscopically, the samples are all dark green with orthopyroxene blasts of up to 1 cm size. Rarely, whitish veins can be found. Samples OD 34 and OD 42 are crosscut by a large serpentine vein (up to 0.4 cm wide). The brownish color of some veins under the optical microscope could be related to brucite (Wicks and Whittaker, 1977) .
The primary phases are olivine, orthopyroxene and clinopyroxene, all with the same textural characteristics as at Site 1272A. In addition, one large grain of primary clinopyroxene with exsolution lamellae of (serpentinized) orthopyroxene is preserved (sample OD 32, Fig. 3b ). Also, sample OD 42 contains a cluster of small olivine grains (Fig. 3f ) associated with chlorite and phlogopite. This assemblage most likely represents a micro-gabbroic pocket and is probably related to the magmatic vein crosscutting the drillcore between 31.95 and 32.45 m.b.s.f. (Kelemen et al., 2004b, core description) . Such small gabbroic pockets were also identified in the MARK area (Niida, 1997) . In the following, this olivine will be termed 'magmatic'. Spinel forms symplectites with clinopyroxene ( Fig. 3d) , growing into orthopyroxene. This process preferably starts at boundaries between orthopyroxene grains and between orthopyroxene and olivine.
Serpentine mineral textures and vein types correspond to those described for Site 1272A. Magnetite is more abundant in the picrolite veins than within mesh structures. In bastite, relicts of orthopyroxene show serrate boundaries indicating ongoing serpentinization (Wicks and Whittaker, 1977) . In OD 48 and OD 49, magnetite forms thick ribbons (Fig. 3f) , crosscutting through the entire thin section. They are interpreted as ancient picrolite veins. Sample OD 34 contains Ni-bearing sulfides. Rare iowaite (Mg 4 (OH) 8 FeOCl 2 Á nH 2 O [n = 1-4]) could be identified in sample OD 34, but was too small to be quantitatively analyzed.
The size of mineral grains in both sites is 50-500 lm for olivine, 50-1000 lm for orthopyroxene and 30-80 lm for clinopyroxene. Serpentine mineral grain size is much lower than the resolution of SEM, except for chrysotile veins (Fig. 3e) , where asbestos fibers are visible at SEM scale. They probably form late-stage fracture filling (Prichard, 1979) .
ANALYTICAL TECHNIQUES
The major element compositions of olivine, clinopyroxene, orthopyroxene, spinel, magnetite and serpentine minerals were determined by electron microprobe analysis (EPMA) using a JEOL JXA-8200 (University of Bern, and ETH Zü rich, Switzerland), a Cameca SX-51 (University of Heidelberg, Germany) and a SX-100 (University of Freiburg, Germany), all equipped with wavelengthdispersive systems. An accelerating potential of 15 kV, a beam current of 20 nA and counting times of 30 s for Si, Al, Mg and Na and 20 s for the other elements were used. Minerals and synthetic glasses were used as standards. Samples were analyzed with a spot Si ions were collected applying the energy filtering method using an offset of 75 eV at a mass resolution of $1030 (m/Dm, 10%) and a nominal imaged field of 25 mm. Secondary ion intensities were normalized to the count rates of 30 Si and calibrated against the NIST SRM610 glass reference material using the concentrations (preferred averages) reported in Pearce et al. (1997) ; the accuracy is estimated to be <20% for Li and <10% for Be and B (Ottolini et al., 1993) . Li, B and Be concentrations were quantified using the SiO 2 values of the corresponding EPMA analysis. One single analysis comprised 10 cycles for each isotope with integration times of 8 s/cycle for Li, 16 s/cycle for Be and B, and 2 s/cycle for Si. The mass spectrometer's and the counting system's background of 0.02 ions/s where determined independently ('well known background'). The setup chosen and the background lead to a detection limit (critical value) of 1.4 ng g À1 (Li), 1.0 ngg À1 (Be) and 2.6 ng g À1 (B) (Currie, 1968; Marschall and Ludwig, 2004) . Due to the generally low concentration levels of Li, Be and B in mantle rocks, contamination during sample preparation and handling is always problematic, particularly for B (Shaw et al., 1988) . Careful sample preparation is thus a necessary prerequisite for accurate analyses. The standard protocol established by Marschall and Ludwig (2004) was used to prepare the thin sections for this study at the Mineralogical Institute of Heidelberg. Carbon-coated samples were used for BSE investigation (textures) and electron microprobe analyses (major element composition of minerals; see further on). At the beginning of each SIMS analysis, a presputtering of $400 s was applied to eliminate the potential rest of surface contamination. Additionally, the imaged field was set smaller than the primary beam diameter (applying field aperture #2, d = 750 lm) to suppress contaminating secondary ions from the crater edges (Benninghoven et al., 1987) . Following the procedure described by Marschall and Ludwig (2004) , the B contamination level is <2 ng g À1 . Li contamination is typically $50 times less than for B, and Be does not show any sign of contamination.
The area analyzed by SIMS has a diameter of $12 lm (determined by the field aperture and the nominal imaged field), but all serpentine minerals have smaller grain size (<0.5 lm; Fig. 3 ). This means that one SIMS analysis corresponds to several grains of serpentine and in some cases to mixtures of serpentine and other minerals such as magnetite, brucite or small fluid inclusions. However, the fraction of non-serpentine minerals included in a SIMS analysis was small as can be depicted from the major element composition (Table 3) .
Whole rock concentrations of major elements and their oxides and some trace elements (H, B, and Cl) of 14 samples were determined using the prompt gamma activation analysis (PGAA) facility at the Budapest Research Reactor (Hungary). PGAA is especially useful for analyzing whole rock boron, chlorine and hydrogen concentrations. In contrast to other geoanalytical methods, sample preparation procedures are not needed, and hence contamination problems are eliminated (Anderson and Kasztovszky, 2004) . Accuracy of trace element analyses by PGAA was checked by measurements of geological reference materials (Gmé-ling et al., 2005) and of natural samples (Marschall et al., 2005) . The spectra were evaluated with Hypermet-PC software; the element identification was performed using a prompt-gamma library (Révay et al., 2001) . The H 2 O content of the sample is determined by stoichiometry.
Each sample (0.3-4.5 g) was hot-sealed in a fluorinated ethylene propylene (FEP) film (about 20 Â 30 mm), which produces a negligible background. The analytical setup was described by Molnar (2004) . All of the samples were thinner than 5 mm; thus the selfabsorption of neutrons and c-photons was negligible. The measurement time for each individual sample varied between 4500 and 10,000 s (OD 26: 55,000 s).
RESULTS
Major and light element contents of minerals
Concentrations of major and light elements are given in Tables 3 and 4 , respectively. Primary olivine is homogeneous with an average Mg# of 0.91 (Mg# = 100 Â Mg/ [Mg + Fe tot ], all iron assumed as divalent), and NiO contents of $0.4 wt% (Fig. 4) . Magmatic olivine in sample OD 42 (Fig. 3f) There is no core-to-rim variation in major and light elements for primary olivine; magmatic olivine is too small to detect zoning.
Pyroxenes
Orthopyroxene is homogeneous and not zoned, with an average Mg# of 0.91 ( B and below the critical value for Be. There is no coreto-rim variation in major and light elements for orthopyroxene (profile in Table 4 , OD22C3opp1-1 to 1-6, rim to core). Primary clinopyroxene in sample OD 32 is zoned. The rim is enriched in Mg and Si, depleted in Al and Cr compared to the core (Fig. 6 ). The rim composition of the primary clinopyroxene is similar to the composition of interstitial clinopyroxene (Fig. 6 ). The light element contents show no difference between rim and core. The average values are 1.5 lg g À1 for Li, 0.07 lg g À1 for B, and below critical value for Be. Interstitial clinopyroxene has Mg# between 0.91 and 0.95, CaO is 20-25 wt%, Na 2 O 6 0.2 wt% and TiO 2 6 0.2 wt%. Interstitial clinopyroxene has average light element contents of 2.05 lg g À1 Li, 0.89 lg g À1 B and 8.6 ng g À1 Be, higher than those of primary clinopyroxene.
Serpentine minerals
There is no systematic difference in the major and light element composition of serpentine minerals from different textures (see section 'Site and sample characteristics'). Serpentine minerals have SiO 2 between 39.1 and 42.0 wt% and an average FeO content of 4.3 wt%. NiO is below 0.44 wt%. Cr 2 O 3 is below 0.81 wt%. Analyses within serpentine matrix give lower oxide totals than analyses of other serpentine textures, but calculated cations normalized to nine oxygens are conform with serpentine stoichiometry. The light element content of the serpentine minerals is highly variable, ranging from 0.002 to 9.37 lg g À1 Li, and from 0.09 to 138 lg g À1 B. The results of micro-Raman analyses performed on some of the spots analyzed for light element concentrations by SIMS showed that in cases where Li concentrations exceed 1 lg g À1 , serpentine (lizardite) is mixed with orthopyroxene (Pelletier, 2008) . The average light element abundances in serpentine of our Cat, total cations. Whole rock samples were not analyzed for Be. Due to the low abundance of this element found during the in-situ mineral analyses, we conclude that there is negligible Be in the serpentinized oceanic mantle.
The down-hole variation of B, Li, Cl and H 2 O is illustrated in Fig. 8 depth. At Site 1272A, H 2 O tends to lower values with depth, B may display a similar trend, while Li contents clearly increase with depth. The Cl whole rock content seems to decrease with depth from 10,000 to 6000 lg g À1 and then remains roughly constant.
DISCUSSION
In the following, we will discuss the nature of the protoliths, including chemical and textural evidence of melt infiltration. Then, we will examine the impact of serpentinization on the B and Li contents of whole rock samples and present a model of the light element budget of the oceanic lithosphere.
Light element contents of primary minerals
Primary olivine of both ODP Sites shows Mg# between 0.90 and 0.92 (except sample OD 42), which is within the range of mantle olivine. This variation does not correlate with NiO contents, the latter varying at any given Mg. The Cr-Al systematics of orthopyroxene (Fig. 5b) and the Ca-Al-Cr systematics of clinopyroxene (Fig. 5a ) are in line with those of other abyssal peridotites (e.g. Shibata and Thompson, 1986; Ross and Elthon, 1997) . Spinel compositions are also concordant with values for abyssal peridotites (Fig. 7) , except for a weak shift towards lower Mg#. This trend could be explained by partial diffusive re-equilibration to magnetite formed during serpentinization or upon cooling after melt infiltration (see section 'Protoliths and melt refertilization').
Light element contents of olivine and orthopyroxene (Table 4 , Fig. 9 ) are close to the depleted mantle values reported by Salters and Stracke (2004) . There is no trend for Li and B towards or away from seawater composition (4.6 lg g À1 B, 0.18 lg g À1 Li; Quinby-Hunt and Turekian, 1983; Jean-Baptise et al., 1991; Schmidt et al., 2007) . The B and Li contents obtained in this study are also similar to those of olivine and orthopyroxene from the Pindos ophiolite, Greece (Pelletier, 2008) . In contrast, B and Li in clinopyroxene show a wider range of values that trend towards the MORB field (Fig. 9 , Ryan and Langmuir, 1987; Ryan and Langmuir, 1993) , confirming that clinopyroxene probably crystallized later than primary olivine, orthopyroxene and spinel (see below). In summary, major, minor and light element composition of pyroxenes, spinel and the Mg# of oliv- ine were not changed by serpentinization and can be used to constrain the peridotitic protolith of the serpentinites.
Protoliths and melt refertilization
It is commonly accepted that the spectrum of mantle rock samples at mid-ocean ridges has been produced by partial melting of the upper mantle at spinel-facies conditions, followed by removal of basaltic melt (e.g. Hamlyn and Bonatti, 1980; Dick and Bullen, 1984) . The degree of partial melting can be deduced from the Cr# of spinel (Hellebrand et al., 2001) , and spinel compositions from mantle rocks along the MAR suggest partial melting between 7% and 20% (Fig. 7a) . Spinel in the studied samples from ODP Leg 209 is among the most depleted of all abyssal peridotites, indicating partial melting exceeding 20% ( Fig. 7a ; see also Godard et al., 2008) . A similar conclusion can be drawn on the degree of partial melting when considering the relation between Mg# of olivine and Cr# of spinel (Fig. 7b) . Based on mineral compositions from Site 1274A, Seyler et al. (2007) explain this high degree of depletion with a two-stage partial melting/melt-rock reaction history, with an early melting in the garnet stability field. In the studied samples, there is little textural, but widespread chemical evidence that the peridotite at both studied sites was infiltrated by mafic melts prior to serpentinization. Interstitial clinopyroxene forms textures with primary minerals (now pseudomorphosed by serpentine; Fig. 3a ) that strongly resemble textures of melt pockets and primary minerals obtained with mantle rocks during deformation experiments (e.g. Bussod and Christie, 1991; Kohlstedt and Zimmerman, 1996; de Kloe et al., 2000) . Seyler et al. (2001 Seyler et al. ( , 2007 interpreted similar clinopyroxene as left over from an interstitial melt. We thus interpret the interstitial clinopyroxene as crystallized from a melt, as described for ophiolites (e.g. Dijkstra et al., 2001; Mü ntener and Piccardo, 2003; Mü ntener et al., 2004) .
Most of the clinopyroxene grains measured in this study show no TiO 2 enrichment and plot within the abyssal peridotites field (Fig. 6) . In contrast, sample OD 42 shows a trend towards melt enrichment, while the samples OD 38 and OD 48 show pronounced signatures of TiO 2 enrichment. The major element compositions of clinopyroxene obtained in this study are consistent with the earlier microprobe data from ODP Leg 209 Site 1274A (Seyler et al., 2007; Moll et al., 2007) .
The B and Li contents of interstitial clinopyroxene are in line with the hypothesis that these grains crystallized from an infiltrating melt. Compared to normal mantle clinopyroxene, interstitial clinopyroxene is variably enriched in B Table 5 , Li data from isotope dilution (Vils et al., 2008) . Salters and Stracke (2004) , errors on these values are 8% for Li and 91% for B. Seawater value after Schmidt et al. (2007) , MORB-field after Ryan and Langmuir (1987) ; Ryan and Langmuir (1993) . Salters and Stracke (2004) . Seawater and hydrothermal fluid value after Schmidt et al. (2007) , Lost City data (Boschi, 2006) . and Li, with a trend towards the MORB field (Fig. 9) . According to Seitz and Woodland (2000) , Li enrichment in clinopyroxene compared to olivine and orthopyroxene can be related to metasomatism by mafic silicate melts or hydrous fluids. The preferential incorporation of Li in clinopyroxene during impregnation of peridotite by mafic melt was also reported by Eggins et al. (1998) , McDade et al. (2003) , Ottolini et al. (2004) , Woodland et al. (2004) and Pelletier (2008) .
An alternative explanation for the preferential enrichment of Li would be fractionation upon cooling. Coogan et al. (2005) performed experiments on Li diffusion in clinopyroxene at 800-1000°C and observed that Li diffused into clinopyroxene within hours. Jeffcoate et al. (2007) also suggested higher diffusivity of Li in clinopyroxene compared to olivine for phenocrysts from Hawaiian basalts. In the studied samples, however, we observe that olivine and orthopyroxene show Li abundances typical of minerals from the depleted mantle (Fig. 9) , while clinopyroxene is enriched in Li. Inter-mineral diffusive re-equilibration would have depleted olivine and orthopyroxene in Li. Also, the only primary clinopyroxene grain that could be analyzed shows no zoning in Li, which could support the hypothesis of fractionation upon cooling. We therefore conclude that the principal process controlling Li enrichment in clinopyroxene is melt infiltration.
The impact of serpentinization
As shown above, serpentinization had almost no impact on the composition of primary phases, but it modified the whole rock composition, in particular B contents, by formation of serpentine. Fig. 10 and Table 4 reveal that B contents of serpentine are much higher than those of primary minerals and than values for the depleted mantle. Most serpentine grains show B abundances between 10 and 100 lg g
À1
. The variability of B abundances in serpentine is higher at Site 1274A (on average less serpentinized) than at Site 1272A (almost completely serpentinized), the latter showing generally higher absolute values (Fig. 10) . There is no simple positive correlation between the degree of serpentinization and B whole rock contents (Fig. 8) . However, the variability of B abundances in whole rock samples is higher at Site 1274A than at Site 1272A, the latter showing generally higher values (Fig. 11) . A similar conclusion can be drawn from sulfur and from oxygen isotopes (Alt et al., 2007) . At site 1274A, more primary sulfide minerals are preserved (e.g. pentlandite, chalcopyrite, bornite) and oxygen isotopic composition is within the range for depleted mantle (Alt et al., 2007) . At site 1272A, primary sulfides are almost completely transformed to awaruite and heazlewoodite, testifying to desulfurization under reducing conditions due to serpentinization (Bach et al., 2004) , and d
18 O values are enriched, pointing to more extensive interaction with seawater or a seawater-derived fluid than at site 1274A (Alt et al., 2007) .
The positive correlation of B, Cl and H 2 O implies that serpentinzation is the main process for B and Cl enrichment in ultramafic rocks. Cl contents correspond to average values for serpentinized mantle samples (Barnes and Sharp, 2006; Bonifacie et al., 2007) , and show trends similar to H 2 O.
Literature data confirm that serpentinization increases the B contents of oceanic mantle rocks (e.g. Bonatti et al., 1984; Thompson and Melson, 1970) . Serpentinization at oceanic ridges is commonly triggered by heated seawater that cycles through the crust and parts of the lithospheric mantle and slowly alters the oceanic plate. As B is abundant in seawater (4.6 lg g À1 , Quinby-Hunt and Turekian, 1983; Jean-Baptise et al., 1991) compared to depleted mantle (0.04 lg g À1 , Table 6 ), seawater-peridotite interaction should enrich the mantle in B. Various studies on dredged abyssal peridotites have confirmed this enrichment in serpentinite (Thompson and Melson, 1970; Bonatti et al., 1984; Spivack and Edmond, 1987; Boschi et al., 2008) , and studies on alpine serpentinite have demonstrated a large variability of B contents in serpentine (Scambelluri et al., 2004; Pelletier et al., 2008) .
Experiments on chemical exchange between seawater and peridotite showed that at high temperature B is probably not incorporated into the rock but remains in solution (Seyfried and Dibble, 1980) . However, during slow cooling below 300°C, a B loss from the fluid was observed (partially driven by a change in pH). This implies that the major uptake of B by peridotites takes place at temperatures below 300°C (Seyfried and Dibble, 1980) .
The variation of B concentrations in the studied samples could also be due to changes in pH and temperature of the reacting fluid. For incorporating B in silicates, tetrahedrally coordinated boron, B(OH) 4À , is required (Spivack and Edmond, 1987) . Palmer and Swihart (1996) 1996). Bonatti et al. (1984) showed a negative correlation between temperature and B concentration in abyssal peridotites from the Vema and Romanche Fracture zones, using O 18 /O 16 fractionation between coexisting magnetite and serpentine as a thermometer (Wenner and Taylor, 1971 ). This simple relationship has been questioned by Plas (1997) . His results from abyssal peridotites of different MOR (ODP Leg 107, 147, 149) for B and d
18
O showed that there is no simple correlation between temperature, serpentine mineral type and B content (Plas, 1997) . For Lost City, Boschi et al. (2008) report B incorporation into serpentine at moderate temperatures, with random B-d
18 O distribution, supporting the hypothesis of Plas (1997) .
The Li contents of serpentine in the studied samples range from 0.001 to 9.38 lg g À1 . The high abundances may in part be due to analyses of mixtures of serpentine with primary (cpx, opx, and ol) or secondary phases (brucite and iowaite). If the latter show the same light element characteristics as clay minerals they should be rich in Li. In any case, the Li contents of serpentine from Sites 1272A and 1274A are on the average lower than those of primary minerals (Fig. 10) . Serpentinization, on average, should thus decrease Li contents of the whole rock samples. Serpentine from Site 1274A (less serpentinized) shows a smaller variation in Li contents and tends to higher values compared to serpentine from Site 1272A (almost completely serpentinized), which shows a larger variation and tends to lower values (Fig. 10) .
The Li whole rock contents range from 0.72 to 1.04 lg g À1 (Vils et al., 2008) and are within the range measured by Paulick et al. (2006) and Godard et al. (2008; 0. 04-1.37lg g À1 ). They are, on average, lower than values for the depleted mantle (Fig. 11) . Samples from the less serpentinized Site 1274A tend to higher and more uniform values than samples from Site 1272A, which show a larger variation and a lower average of Li contents (Fig. 11) . As for B, there is no simple linear correlation between the degree of serpentinization and Li whole rock contents. On the other hand, Fig. 11 shows a significant difference between Mariana forearc samples (ODP Leg 125) and ODP Leg 209. Pore water measurements at the Mariana forearc showed high B (0.96-42.9 lg g À1 ) and low Li abundance in the fluids (0.0001-0.07 lg g
À1
; Mottl et al., 2004 ), the latter being probably the source of the enriched B and Li con- Unit thickness see Fig. 14 ; DM (depleted mantle) calculation based on mineral average content from ODP leg 209.
* first 3 km 80% serpentinization, rest 20% serpentinization used in the model (Li = 2.39 g and B = 27.11 g); col, column with x km depth and 1 m 2 surface; Li and B content are average data after: (1) Ishikawa and Nakamura (1993) ; (2) Ryan and Langmuir (1987) ; (3) Ryan and Langmuir (1993) ; (4) Bouman et al. (2004) ; (5) Thompson and Melson (1970) ; (6) Chan et al. (2002) ; (7) Smith et al. (1995). centrations of the Mariana samples with respect to the ODP Leg 209 samples.
Less is known about the incorporation of Li into serpentine and serpentinite than for B. Whole rock studies on dredged abyssal peridotites have shown a considerable enrichment of serpentinized peridotite in Li compared to depleted mantle values, but with large variations (0.6-13.4 lg g À1 ; Decitre et al., 2002; Niu, 2004) . In-situ analysis of serpentine for Li revealed even larger variability (Decitre et al., 2002) . In analogy to the results of heating experiments conducted on altered basalt (Seyfried et al., 1998) , it may be concluded that Li incorporation in serpentine is favored at temperatures below 350°C.
In summary, the systematics of B and Li observed in serpentine and serpentinite from Sites 1272A and 1274A suggest that the B and Li budget is strongly controlled by the degree of serpentinization, although there are large variations on the sample and the thin section scale. This suggests that the light element budget should depend strongly on water/rock ratios. In their study on serpentinized peridotite from Lost City, Boschi et al. (2008) observed that B content and d
11 B values show a strong positive correlation with water/rock ratios, the latter calculated by using the Sr isotopic composition of the rocks. For ODP Leg 209, we measured high d 11 B and high B content and calculated high water/rock ratios using the Sr isotopic composition of the serpentinites (Vils et al., 2008) .
The potential role of temperature and pH is difficult to assess, because there are no direct indications from the two sites. Concerning temperature, we assume that within each of the two sites any temperature gradient must have been negligible given that the rocks cover a vertical distance of only 147 m (Table 1 ). There may have been a systematic temperature difference between the two sites given the large horizontal distance (Fig. 1) , but Alt et al. (2007) derive serpentinization temperatures 6150°C at both sites on the basis of oxygen isotope data of serpentinites and gabbros. In addition there seems to be a chemical difference between the two Sites (Fig. 4-7) . Spinel compositions show a lower degree of partial melting at Site 1272A compared to Site 1274A.
Indications of temperature and pH during water-rock interaction on the ocean floor come from two hydrothermal fields at the MAR, Logatchev and Lost City. The Logatchev hydrothermal field lies approximately 50 km south of Site 1272A. Fluids emerging from this site have temperatures of 353°C and a pH of 3.3 (Douville et al., 2002 and Schmidt et al., 2007) . They contain 3.63 lg g À1 B and 1.75 lg g À1 Li and are interpreted as chemically buffered by ultramafic and mafic rocks (Schmidt et al., 2007) . The Li content in fluids buffered by only mafic rocks should be generally higher than for ultramafic systems (e.g. Snakepit 5.85 lg g À1 Li, Douville et al., 2002) , but may be difficult to predict for mixed systems. At the Logatchev hydrothermal field, serpentinization enriched the reacting seawater in Li and depleted it in B. The ODP Leg 209 mineral and whole rock B and Li data are in line with such a process, although the fluids from Logatchev contain too much B to be in equilibrium with peridotites only from sites 1272A and 1274A. However, this difference may be explained by the fact that we studied an (almost) pure ultramafic system, while the Logatchev fluids represent a mafic-ultramafic system. Cross section through a mid-ocean ridge (modified after Ghose et al., 1996; Dijkstra et al., 2001 ). Type I: modified cross-section through ODP 209-type lithosphere after 75 Ma (modified after Bach et al., 2004) . Type II: simplified cross-section through a Semail-type lithosphere after 75 Ma (modified after Boudier and Nicolas, 1985) . ( In 2000, an expedition discovered an off-axis hydrothermal field near the summit of the Atlantic massif: Lost City, a cold hydrothermal system driven by the exothermic serpentinization reaction (Kelley et al., 2001; Frü h-Green et al., 2003; Kelley et al., 2005) . From the white smokers a fluid with 40-75°C and a pH of 9-9.8 emerges (Kelley et al., 2001) . These hydrothermal fluids from Lost City are depleted in B and slightly enriched in Li compared to seawater (0.34 lg g À1 B and 0.33 lg g À1 Li; Boschi, 2006) . Thus, also the data from this hydrothermal field show that the reacting fluid is enriched in Li and depleted in B after percolation through ultramafic rocks, although temperature and pH are very different from the Logatchev hydrothermal field. This suggests that these two parameters may be less important for the B and Li budget of the serpentinite samples from Sites 1272A and 1274A than the water/rock ratios. Table 6 . (C) Simplified cross-section through an ocean plate, indicating degree of alteration/ serpentinization with depth, as described in the text. Same symbols used as in Fig. 12 (figure not to scale) . serpentinization, while Li seems to show the opposite trend. This implies that serpentinization of oceanic mantle fractionates B from Li. This is opposite to what is found in igneous oceanic crust, where both B and Li are added by alteration processes (see Section 1).
Based on field and experimental data, Scambelluri et al. (2004) and Tenthorey and Hermann (2004) proposed that serpentinites are a major source of B into subduction zones. On the other hand, previous studies (see Section 1) have shown that-although volumetrically less important-the oceanic crust may also be an important reservoir of light elements. In addition, the proportions of igneous crust and mantle, the degree of hydrothermal alteration of the mantle, and the thickness of the lithosphere can vary considerably from one oceanic plate to another. Based on our results and on literature data, we model the budget of B and Li contained in the oceanic lithosphere, and its partitioning between crust and mantle as a function of plate characteristics. This represents an estimate of total B and Li potentially available in a subducting oceanic plate. We will first discuss the rationale and the parameters of our model. Then, we will present the results and discuss them against the background of published estimates of B and Li loss in subduction zones. Beryllium was not considered in our model because our data shows Be to be mostly around the critical value (<3 ng g À1 ), independent of the degree of serpentinization. Also, the depleted mantle in general has very low Be contents (25 ng g À1 , Salters and Stracke, 2004) . The Be content would be largely dominated by the sedimentary cover, because sediments can be Table 6 . enriched in Be up to the lg g À1 -level (e.g. Gao et al., 1998) and/or by the mafic crust (see compilation in Ryan, 2002) .
Model parameters and rationale
Two parameters need to be considered when modeling the B and Li budget of the oceanic lithosphere. The first parameter is primary lithology. Geophysical data obtained in the oceanic domain (e.g. The MELT seismic team, 1998) and studies on ophiolites with largely coherent crust-mantle sections (Semail, Oman; Boudier and Nicolas, 1985) have shown that at fast-spreading ridges the igneous crust may be up to 7 km thick. On the other hand, at slowspreading ridges such as the MAR, the igneous crust can be completely absent and the mantle exposed on the ocean floor (such as at Site 1274A, ODP Leg 209). Also, petrostructural studies on the Romanche and Vema fracture zones (Mid-Atlantic Ridge) have stressed the importance of oceanic fracture zones for locally exhuming serpentinized mantle to shallow depths, creating lithologically variable crust-mantle sections (Bonatti and Honnorez, 1976) . As 'endmember' cases of oceanic lithosphere for our modeling we therefore use a lithospheric mantle with an igneous crust corresponding to that of the Semail ophiolite (Fig. 12 , Table 6 ) and one with almost no igneous crust, such as that of to ODP Leg 209, Sites 1274A and 1272A (Fig. 12 , Table  6 ). For both types of lithosphere, the published stratigraphic logs (Semail ophiolite: Boudier and Nicolas, 1985, ODP Leg 209: Bach et al., 2004) were simplified into six units: sediment, altered MORB, MORB, gabbro, serpentinized peridotite and depleted mantle ( Fig. 12 and Table 6 ).
The second parameter, the age of the oceanic lithosphere, is important as it controls a considerable number of physical and chemical features. The total thickness of the oceanic lithosphere increases as the plate moves away from the ridge. In our model, we use plate ages of 1 and 75 Ma; the latter, because it corresponds to the average age of currently subducted oceanic plates (Li and Lee, 2006) ; the former because there are examples of very young oceanic lithosphere currently subducted, e.g. the Chile ridge (e.g. Tebbens et al., 1997) , various oceanic basins in the western Pacific (e.g. Heaton and Hartzell, 1987) , or about to be subducted (e.g. Macquarie Island, Sutherland, 1995; Lamarche et al., 1997) .
Total lithospheric thickness as a function of age can be calculated with the GDH1 plate model of Stein (1992, 1996) . According to this model, an oceanic plate has a total thickness of around 5 km after 1 Ma. In the case of a Semail-type lithosphere, this will correspond to the thickness of the igneous crust. In the case of an ODP Leg 209-type lithosphere, there will be 5 km of lithospheric mantle with minor volumes of igneous crust. After 75 Ma, both types of oceanic plates will have acquired a total thickness of approximately 80 km (Table 6 ).
The age of the lithosphere also controls the thickness of the sedimentary layer. To simplify modeling, we assume that any oceanic lithosphere will have no sedimentary cover at an age of 1 Ma and a 300-m sedimentary cover after 75 Ma (as is the case for the Semail ophiolite). We thus model in total four cases, an ODP Leg 209-type lithosphere, and a Semail-type lithosphere at 1 and 75 Ma, respectively (Table 6 and, Figs. 13 and 14) .
The age of the lithosphere controls the vertical temperature gradient and hence the depth to which alteration by seawater-derived fluids plays a role/is possible. For the mantle part of the oceanic lithosphere it is important to note that the depth of serpentinization does not necessarily correspond to the depth of B enrichment/Li depletion. The major B incorporation in peridotites takes place at low temperatures (<300°C, Seyfried and Dibble, 1980; Spivack and Edmond, 1987) . In contrast, experiments showed that serpentine can be stable up to 650°C at 3 GPa and up to 475°C at 1 atm (Ulmer and Trommsdorff, 1995; Ulmer and Trommsdorff, 1999 ). For our model, we arbitrarily fixed the temperature limit of B enrichment/Li depletion at 300°C and that of serpentinization at 550°C and calculated the depth of both isotherms in the four endmember cases (Table 6 ) using the model of Parker and Oldenburg (1973) and Stein and Stein (1996) . For the sake of simplicity, we assume the 300°C also represents the limit of alteration in the igneous oceanic crust with respect to B and Li.
It is important to know to which degree the mantle at temperatures below the 300°C isotherm is serpentinized. Experiments on water flow through partially serpentinized peridotite showed that serpentinization rates vary between 10 À8 cm 2 s À1 at 34°C to 10 À4 cm 2 s À1 at 300°C (MacDonald and Fyfe, 1985) , indicating that in 1 Ma, 1 km of serpentinite layer can form at 300°C, 260 m at 200°C, and 60 m at 100°C. These results indicate that serpentinization is a rather efficient process. It could be argued, however, that serpentine formation is also controlled by water availability and that this limit could be at shallower depth than the 300°C isotherm. Although the oceans represent a virtually infinite reservoir, water can only penetrate the oceanic lithosphere through fractures or by diffusion. To our knowledge, there are no quantitative data on the penetration depth of water and the degree of serpentinization in off-ridge settings. However, MacDonald and Fyfe (1985) have shown that serpentinization proceeds by an efficient interplay of water diffusion and crack propagation due to volume increase during serpentinization. We therefore assume in our model that the mantle at temperatures below the 300°C isotherm is serpentinized. The degree of serpentinization is difficult to assess. Escartin et al. (2001) showed that serpentinization degrees of 35% to 55% are necessary to obtain the reduced P-wave velocities of 6.5-7.5 km/s commonly observed in the oceanic lithosphere between normal crust and normal mantle. This layer has often been interpreted as serpentinized peridotite (e.g. Minshull et al., 1998) . A wide-angle seismic experiment at the Atlantis II Fracture Zone, Southwest Indian Ridge (Muller et al., 1997) shows that a 3-to 4-km-thick igneous crust is underlain by a 2-to 3-km-thick layer of serpentinized mantle peridotite. The P-wave velocity of 6.9 km/s for the serpentinized peridotite layer corresponds to a 35 ± 10 vol % serpentine content (Escartin et al., 2001) . A compilation of velocity structures of the oceanic crust/mantle in various tectonic settings (Minshull et al., 1998) shows that P-wave velocity of around 7 km/s, that can eventually be attributed to serpentinized mantle, are found between 1 and 6 km depth.
Taking all these lines of evidence into consideration, we fix the degree of serpentinization in our model to 80% (average degree observed in our samples: Tables 1 and 6 ) to a depth of 3 km. Below follows a much thicker layer where serpentinization decreases linearly from 20% to 0% (Fig. 13) . Various test calculations, varying the thickness of the top layer between 1 and 3 km, have shown no significant difference.
B and Li input values for the mass balance are reported in Table 6 . For the B and Li contents of the sedimentary layer, the data of Ishikawa and Nakamura (1993) were used, assuming the sediment to be composed only of clay minerals, known to incorporate high amounts of Li and B (Wunder et al., 2005; Wunder et al., 2006) .
Results of mass balance calculations
The Li and B budgets are given in kilogram per column (kg/col). 1 column corresponds to 1 m Â 1 m at the surface Â the thickness of the lithosphere. As the thickness of the oceanic lithosphere varies with age, indicating kg/m 3 would not be useful. For case 1 (Semail-type lithosphere at an age of 1 Ma), the lithosphere is 5.6 km thick (total thickness of igneous crust in the Semail ophiolite), the 300 and 550°C isotherms are located at 0.2 and 0.4 km depth, respectively (Table 6 ). The section is made up entirely of igneous crust (0.2 km of altered MORB, 1.8 km of MORB, 3.6 km of gabbro). At these conditions, the oceanic lithosphere contains on the average 48 kg/col Li and 60 kg/col B. Li is essentially hosted by MORB (61.5%). The major carriers of B are altered MORB (35.8%) and gabbro (46.9%). After 75 Ma, the 300 and 550°C isotherms are located at 20 and 34 km depth, respectively. The section comprises from top to bottom: 0.3 km of sediment, 1.5 km of altered MORB, 0.5 km of MORB, 3.6 km of gabbro, 20 km of serpentinized peridotite enriched in B/depleted in Li, and 54.1 km of depleted mantle (Table 6 ). In this situation, the oceanic lithosphere contains on the average 307 kg/col Li and 904 kg/col B. Li resides mainly within the depleted mantle. It is hosted to a lesser degree by altered MORB (19.6%), serpentinized peridotites (16.0%) and sediment (11.8%). B is almost entirely hosted by serpentinized peridotite (70.8%).
For case 3 (ODP Leg 209-type lithosphere at an age of 1 Ma), the total lithospheric thickness is 5.6 km, the 300 and 550°isotherms are located at 0.2 and 0.4 km depth, respectively. At these conditions, the section comprises from top to bottom: 0.06 km of altered MORB, 0.01 km of gabbro, 0.13 km of serpentinized peridotite enriched in B/depleted in Li, and 5.4 km of depleted mantle (Table  6 ). In this situation, the oceanic lithosphere contains on the average 17 kg/col Li and 25 kg/col B. Table 6 shows that the Li budget of a slow spreading ridge will be predominantly hosted by the depleted mantle (84.1%), whereas B resides in serpentinized peridotite (70.8%) and in altered MORB (26.0%). After 75 Ma (case 4), the 300 and 550°C isotherms will be located at 20 and 34 km depth, respectively. The oceanic lithosphere will have the same thickness of the igneous crust as at 1 Ma (0.06 km of altered MORB, 0.01 km of gabbro), but 0.30 km of sediment will have accumulated on top. Serpentinized peridotite will have increased to 20 km and depleted mantle to 59.63 km thickness. At these conditions, the oceanic lithosphere contains on average 245 kg/col Li and 719 kg/col B. The Li budget is dominated by the depleted mantle (64.3%), serpentinized peridotite (20.0%) and less by the sedimentary cover (14.8%). The B budget is largely controlled by serpentinized peridotite (88.9%). The (igneous) crust plays virtually no role for the Li and B budget in the ODP Leg 209-case.
6.7. Temporal evolution of the B and Li budget within the upper 40 km of the oceanic lithosphere-implications for subduction zones
From the mass balance calculations presented in the previous section, it is apparent that with increasing age of the lithosphere, the role of the depleted mantle as a reservoir for B and Li becomes increasingly important. In the context of B and Li recycling at subduction zones it can be argued that not the entire mantle volume dehydrates and liberates B and Li. For this setting, it may be more appropriate to consider only the B and Li budget of the upper part of the oceanic lithosphere (the 'dehydratable' part).
Moreover, there is evidence that additional serpentinization occurs due to fracturing during plate bending (e.g. Ranero et al., 2003; Ranero and Sallarès, 2004; Li and Lee, 2006) , and may proceed to depth greater than 20 km (depth of the 300°C isotherm in a 75-Ma-old plate) because of lower geothermal gradients and better water availability. By modeling seismic velocities of bending-related extensional faulting, Ranero and Sallarès (2004) predict a 20-km-thick mantle layer serpentinized to 17% for the Nazca plate at the North Chile trench. Based on geochemical data and modeling, Li and Lee (2006) estimate the paleo-serpentinization depth of the Feather River Ophiolite (subduction context) to be around 40 km.
In order to better account for this geodynamic context, we modeled the evolution of the B and Li budget only in the upper 40 km of the oceanic lithosphere, using the same input parameters as for our previous model, and applying it to two 'endmembers': a Semail-type lithosphere ( Fig. 13) and an ODP Leg 209-type lithosphere (Fig. 14) . In model cases I (Figs. 13Ia, b and 14Ia, b) we assume that the oceanic lithosphere has a constant thickness of 80 km, with the mantle part becoming increasingly serpentinized at conditions below 300°C. This implies that initially, there are almost 80 km of depleted mantle, which are successively replaced by peridotite serpentinized at temperatures below 300°C. In model cases II (Figs. 13IIa, b, and 14IIa, b) we assume that the lithospheric thickness increases by adding peridotite serpentinized at temperatures below 300°C. This implies that there is no depleted mantle.
For boron, running the two models for the two endmembers provides similar results in all cases (Figs. 13Ib, IIb and 14Ib, IIb) . Independent of the lithology of the oceanic plate, the B budget will be almost entirely controlled by serpentinized peridotite. Even in Semail-type lithosphere with a 5.6-km-thick igneous crust, a 3-km-thick section of serpentinized peridotite will be sufficient to host approxi-mately 40% of the lithospheric B budget. These results suggest that large quantities of B reside in the uppermost part of the plate and could hence be easily liberated during slab dehydration.
For lithium, running the two models shows that the lithology of the oceanic plate controls the partitioning and availability of this element (Figs. 13Ia, IIa and 14Ia , IIa). In oceanic lithosphere containing a considerable fraction of depleted mantle (40%-50%), the Li budget is dominated by the latter (Figs. 13Ia and 14Ia) . In oceanic lithosphere where depleted mantle is absent, Li is essentially hosted in sediments and in MORB (Figs. 13Ib and 14Ib) . All of the figures related to Li show that serpentinized peridotite only becomes important for the Li budget once its thickness exceeds 20-25 km. These results suggest that the most prominent input of Li into subduction zones is to be expected from Semail-type lithosphere with a significant crustal section and a depleted mantle section, because in this situation most of the Li is stored at shallow levels in the plate. Subducting an ODP Leg 209-type lithosphere and assuming that most of the Li is liberated from the upper part of the plate would mean only very little Li output from the slab.
SUMMARY AND CONCLUSIONS
The results of our study of serpentinized peridotites from the Mid-Atlantic Ridge show that the B, Li and Be contents of the mantle minerals olivine, orthopyroxene and clinopyroxene remain unchanged during serpentinization and still reflect older processes such as melt infiltration. As serpentine has high B and fairly low Li contents, the process of serpentinization increases the B (and H 2 O and Cl) and lowers the Li contents of the whole rock. These findings are in line with the composition of hydrothermal fluids sampled from the ocean floor, which are enriched in Li and depleted in B after percolation through ultramafic rocks.
The results of our mass balance calculations show that the Li contents of the oceanic lithosphere are highly variable and controlled by primary lithology whereas the B contents depend entirely on serpentinization. In all cases, large quantities of B reside in the uppermost part of the plate and could hence be easily liberated during slab dehydration. Late-stage serpentinization during slab bending will probably further increase the B content in the downgoing slab. The most prominent input of Li into subduction zones is to be expected from Semail-type lithosphere whereas subducting an ODP Leg 209-type lithosphere would be a far less efficient mechanism. Serpentinized mantle thus plays an important role in B recycling in subduction zones, but it is of lesser importance for Li.
